MHYT, a new conserved protein domain with a likely signaling function, is described. This domain consists of six transmembrane segments, three of which contain conserved methionine, histidine, and tyrosine residues that are projected to lie near the outer face of the cytoplasmic membrane. In Synechocystis sp. PCC6803, this domain forms the N-terminus of the sensor histidine kinase Slr2098. In Pseudomonas aeruginosa and several other organisms, the MHYT domain forms the N-terminal part of a three-domain protein together with previously described GGDEF and EAL domains, both of which have been associated with signal transduction due to their presence in likely signaling proteins. In Bacillus subtilis YkoW protein, an additional PAS domain is found between the MHYT and GGDEF domains. A ykoW null mutant of B. subtilis did not exhibit any growth alterations, consistent with a non-essential, signaling role of this protein. A model of the membrane topology of the MHYT domain indicates that its conserved residues could coordinate one or two copper ions, suggesting a role in sensing oxygen, CO, or NO. ß
Introduction
Sensor kinases of the two-component signal transduction systems are modular proteins that comprise several distinct domains. A typical sensor kinase contains an Nterminal periplasmic or extracytoplasmic ligand-binding sensor domain, anchored to the membrane by one or two transmembrane segments and followed by a cytoplasmic histidine kinase domain, which can be further divided into an ATPase and phosphoacceptor subdomains (reviewed in [1] ). A detailed sequence analysis of sensor kinases and response regulators has shown that many of them have even more complex domain architectures and include additional ligand-binding and response output domains. Among the histidine kinases, several new domains were described, including the heme-and £avin-binding PAS domain [2] , the phytochrome-and cGMP-binding GAF domain [3] , and the HAMP linker domain [4] . Socalled`hybrid' kinases were found to additionally contain the phosphotransfer HPt domain and the receiver CheYlike domain [1] . The downstream signal transduction module revealed an even greater diversity. In addition to the well-known response regulators formed by the association of the receiver CheY-like domain with a DNA-binding helix-turn-helix domain, and, in some cases, a c 54 -binding ATPase domain, additional output domains were described, such as GGDEF [5, 6] , EAL [6] , and HD-GYP [7, 8] . Although the involvement of these domains in signal transduction was originally proposed solely on the basis of their association with the CheY domain [5, 7] , it has now received experimental veri¢cation [8, 9] , demonstrating that these domains, indeed, can function as additional (or alternative) output domains (see [10] for a recent review).
The growing number of complete genomes has helped to sort out even such a diverse group as the periplasmic (extracytoplasmic) sensor domains. The most common variant of such domains turned out to be homologous to the periplasmic solute-binding components of the ABC-type transporters [11] . Recently, another common type of extra-cellular ligand-binding domain has been described, referred to as Cache [12] or Esens [13] domain. In contrast to the extracytoplasmic sensor domains, membrane-bound sensor domains have not been systematically analyzed so far, probably due to their diversity and relatively low sequence conservation. Here we describe an extremely wellconserved integral membrane protein domain, which appears to function as a metal-containing sensor. While the nature of the environmental signal sensed by this domain remains unknown, it could be involved in sensing of oxygen, CO, or NO.
Materials and methods

Sequence analysis of YkoW protein
Sequence database searches against the database of ¢n-ished and un¢nished microbial genome sequences maintained at the NCBI (http://www.ncbi.nlm.nih.gov/Microb_blast/un¢nishedgenome.html) were performed using the BLAST program [14] with default parameters. The database hits identi¢ed in these searches were analyzed for domain composition using reverse position-speci¢c (RPS) BLAST searches (http://www.ncbi.nlm.nih.gov/Structure/ cdd/wrpsb.cgi) against the Conserved Domain Database at the NCBI and hidden Markov model-based searches against SMART database, maintained at EMBL (http:// smart.embl-heidelberg.de [15] ). The multiple alignment of the MHYT domains was constructed manually on the basis of the BLAST outputs. The sequence of Bacillus subtilis YkoW was extended by 51 N-terminal amino acid (aa) residues, based on the translation of the upstream region of the ykoW gene using ORF ¢nder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The modi¢ed sequence of the YkoW protein, as well as other MHYT domains, is available in the Clusters of Orthologous Groups of proteins (COG) database (http:// www.ncbi.nlm.nih.gov/COG, [16] ) as COG3300. The MHYT domain listing in the ProDom database (http:// prodes.toulouse.inra.fr/prodom, [17] ) as domain PD039576 shows the original translation of the B. subtilis ykoW gene.
Isolation and growth of the ykoW null mutant
The in-frame deletion in the B. subtilis ykoW gene was obtained using a PCR-based method [18] . In the ¢rst step, two ykoW fragments were ampli¢ed using, for the ¢rst fragment, primer 1: 5P-TTCACGGTCAGTTGAACT-AA-3P, which starts at position 3134 of the corrected coding region of the ykoW gene, and primer 2: 5P-AT-TGTCCATTGTCATGCTGGCTGCAATCGCAATGA-TA-3P, ending at position +438, and, for the second fragment, primer 3: 5P-AGCATGACAATGGACAATC-TC-3P, starting at position +2020, and primer 4: 5P-TTA-TGGAGGCTGCGCAGTT-3P, ending at position +2579. These two fragments were linked in the second PCR reaction with primers 1 and 4, creating a single DNA fragment, corresponding to the ykoW gene lacking the 1563 bp region between positions 456 and 2020. This latter fragment was cloned into the pCP115 vector [19] and integrated into the B. subtilis chromosome. The ykoW duplication was resolved by spontaneous homologous recombination, screened by the loss of plasmid Cm R marker. The presence of the in-frame deletion was veri¢ed by PCR with primers 1 and 4; the wild-type strain gave a 2731 bp product, whereas the vykoW strain gave a 1168 bp product.
Aerobic growth of the vykoW strain of B. subtilis was compared with the wild-type strain in rich medium (Luria broth) at 37³C and 50³C, and in a glucose^ammonia^min-imal salts medium [20] at 37³C. Anaerobic growth was tested in 2UYT medium supplemented either with 1% glucose and 0.2% nitrate or with 1% glucose and 0.5% pyruvate [21] . The induction of c B activity in response to salt, ethanol, and stationary phase stresses was measured indirectly using a c B -dependent ctc-lacZ transcriptional fusion [22] .
Results
Sequence and the phylogenetic distribution of the MHYT domain
Sequence analysis of the signaling proteins encoded in complete bacterial genomes revealed complex domain architectures for many of them and allowed identi¢cation of a number of novel conserved domains (reviewed in [10] ). Although the biochemical functions of some of these domains remain obscure, their association with various components of the signal transduction machinery strongly implies that they also participate in signal transduction. Analysis of the domain organization of various sensor proteins of the two-component signal transduction systems encoded in complete genomes showed that the histidine kinase Slr2098 from Synechocystis sp. PCC6803 contains a new conserved domain, which is also present in the uncharacterized protein YkoW from B. subtilis and several proteins from other recently sequenced bacterial genomes (Fig. 1) . The multiple alignment of this domain, which we dubbed MHYT based on its conserved amino acid pattern, showed a remarkable degree of sequence conservation. In B. subtilis YkoW, however, V50 N-terminal amino acid residues appeared to be missing. Translation of the upstream region of the ykoW gene using the ORF ¢nder program allowed us to extend the ykoW open reading frame by 51 residues that were very similar to those in other MHYT domains (Fig. 1) .
Sequence analysis of the MHYT domain using the PHDhtm [23] and TopPred [24] programs showed that it consists of six predicted transmembrane (TM) segments, connected by short arginine-rich cytoplasmic loops and periplasmic loops that are also rich in charged amino acid residues (Fig. 1) . Three of its TM segments have a very similar amino acid sequence motif ( Fig. 1 ) with highly conserved methionine and histidine residues located near the outer face of the cytoplasmic membrane (Fig. 2) .
The MHYT domain is encoded in a single copy in the genomes of B. subtilis, Caulobacter crescentus, and Synechocystis sp. and in two copies in the genomes of Mesorhizobium loti and Pseudomonas aeruginosa (Table 1) . It is missing, however, in all other organisms whose complete genome sequences are currently available. Two copies of the MHYT domain are also found in Oligotropha carbox- idovorans, where they £ank the structural genes of CO dehydrogenase [25] . Search of the un¢nished genome sequences at the NCBI web site revealed the presence of this domain in L-proteobacteria Bordetella pertussis, Bordetella bronchiseptica, Burkholderia mallei, and Burkholderia pseudomallei and in Q-proteobacteria Pseudomonas putida and Pseudomonas syringae (Table 1) . Although the MHYT domain is not encoded in the Escherichia coli K12 genome, it is present in Salmonella typhi, Salmonella paratyphi, and Salmonella enterica serovar typhimurium. Similar patchy distribution of this domain is found in bacilli, where, in contrast to B. subtilis, Bacillus cereus and Bacillus anthracis do not seem to encode the MHYT domain. In phylogenetic terms, the MHYT domain has been found in several representatives of the K, L, and Q subdivisions of proteobacteria, two Gram-positive bacteria, and in a cyanobacterium.
Domain organization of MHYT-containing proteins
Until now, none of the proteins that contain the MHYT domain have been studied experimentally. However, the presence of this domain in the sensor histidine kinase Slr2098 of Synechocystis sp. and predicted histidine kinases of B. mallei and B. pseudomallei (Table 1) suggests that it can serve as a sensor for the two-component signal transduction system. It should be noted that the association of the MHYT domain with histidine kinases appears to be unusual; in most other organisms, MHYT forms a three-domain protein with GGDEF and EAL domains (Table 1) , which are now believed to comprise alternative output domains of the two-component system [10] . In B. subtilis, C. crescentus, and one of the two M. loti MHYTcontaining proteins, the domain organization is even more complex and includes an additional PAS domain sandwiched between the MHYT and GGDEF domains (Table  1) . Remarkably, homologs of the B. subtilis YkoW protein in B. cereus and B. anthracis have a PAS-GGDEF-EAL domain organization and do not contain the MHYT domain (not shown).
E¡ects of the MHYT-less vykoW allele of B. subtilis
To characterize the cellular role of the MHYT domain, the e¡ect of MHYT de¢ciency in B. subtilis, which encodes only a single copy of MHYT in a MHYT-PAS-GGDEF-EAL combination (Table 1) , was studied. Since an E. coli protein, lacking the MHYT domain but with an otherwise similar PAS-GGDEF-EAL domain organization, has been recently found to bind O 2 , CO and NO with comparable a¤nities and suggested to serve as a direct oxygen sensor in that bacterium [26] , the possibility that YkoW protein might serve as an oxygen sensor in B. subtilis was investigated. Fig. 1 and predictions of the PHDhtm [23] and TopPred [24] programs. Conserved residues, predicted to be involved in metal binding, are shaded yellow. Conserved positively charged residues (Arg and Lys) in cytoplasmic loops are shown in blue. The last transmembrane segment, leading to the cytoplasmic domains of the YkoW protein, is not shown.
Because ykoW is the ¢rst gene in an apparent three-gene operon in B. subtilis, a ykoW alteration was designed to have little e¡ect on expression of the downstream ykoV and ykoU genes. The four-primer method [18] was used to make a large in-frame deletion in the ykoW coding sequence, removing a 469 aa region extending from residue 152 to residue 622 of the corrected YkoW sequence. This mutant allele was then substituted for the wild-type chromosomal copy by a two-step allele replacement procedure [27] . The resulting strain was viable, indicating that ykoW is not an essential gene under standard laboratory conditions. Loss of ykoW function had no discernible e¡ect on aerobic growth of B. subtilis cells in rich or minimal medium at 37³C or at 50³C, or on sporulation timing or e¤ciency (data not shown).
Moreover, loss of ykoW function had no obvious e¡ect on two processes thought to be regulated by the redox state of the cell : energy-stress activation of the general stress transcription factor c B or anaerobic growth by means of either nitrate respiration or glucose fermentation (data not shown). In addition, the vykoW allele appeared to have no e¡ect on aerotaxis (M. Alam, personal communication), which in B. subtilis is dependent upon a heme-based sensor [28] . These results indicate that YkoW function is not required for at least some physiological functions that involve oxygen sensing. However, it remains possible that YkoW function is redundant with one or more regulators whose action masks the loss of YkoW.
Discussion
This work describes the ¢rst conserved integral membrane domain found in a sensor histidine kinase. The MHYT domain has been found in several phylogenetically distant bacteria, either as a separate, single domain protein (Streptomyces coelicolor, B. pertussis), or fused to a VirRtype DNA-binding helix-turn-helix domain (O. carboxidovorans), or fused to signaling domains, such as His kinase, PAS, and GGDEF. These observations suggest that the MHYT domain serves as a sensor domain in some bacterial two-component signal transduction systems as well as in a variety of other bacterial proteins ( Table 1) .
The intramembrane topology and the pattern of sequence conservation in the MHYT domain provide possible clues to the environmental signal to which this domain might respond. The conserved His residues of MHYT are located at approximately the same distance from the surface of the membrane (Fig. 2) , indicating that they might cooperate, e.g. in binding a metal. The strict conservation of His and Met residues allows one to predict that if a metal is bound in this site, it may be copper [29] . There is a distinct possibility that three conserved His residues of MHYT, perhaps assisted by one of the conserved methionines, could form a three-or four-coordinated Cu-binding site or a binuclear copper center. A model of the orientation of the MHYT domain in the membrane (Fig. 2) shows that conserved Met, His, and Tyr residues can provide up to eight coordinating bonds, su¤cient for the coordination of one or two copper atoms in the membrane [29] .
If the described motif indeed binds copper, its closest native counterpart is the intramembrane Cu B -binding center in the cytochrome c oxidase. Not surprisingly, the sequence of the ¢rst Met-His-containing TM segment has some similarity to the His-containing, Cu B -binding helix of the cytochrome oxidase, although this similarity is not su¤ciently signi¢cant to suggest homology. But tellingly, the MHYT domain has an even closer functional counterpart, albeit an arti¢cial one. Schnepf et al. [30] , investigating the metal-binding properties of cellulose-attached antiparallel four-helix bundles, found recently a set of Hiscontaining constructs with a distinct a¤nity to copper. Only three of the four helices were involved in the coordination of copper, providing two His and one Cys as ligands. The UV light absorption, resonance Raman and electron spin resonance spectra indicated a tetragonal, socalled type 1.5 coordination geometry of the copper atom with water as the fourth ligand [30] . Other recent studies indicate that those four-helix bundles are even able to bind binuclear copper centers. These observations suggest that the MHYT domain forms a metal, presumably copper-containing redox cluster involved in signaling of the redox state of the cytoplasm either directly, by undergoing redox changes, or, being binuclear, indirectly by binding O 2 , CO, or NO. As studies with other copper-binding centers show, redox changes can be coupled to a rearrangement of protein ligands [31] . On binding of CO, or O 2 , the ligand rearrangement is even larger [29, 32] . In the case of MHYT domain, such a rearrangement might serve to transmit a signal, via relocation of TM helices, to the inner surface of the membrane. This type of signaling would be important for the cyanobacterium Synechocystis sp. which has to adjust its metabolism to autotrophic or heterotrophic growth conditions; this would explain the presence of MHYT domain in one of its sensor kinases. Consistent with this notion, the MHYT domain-containing proteins CoxC and CoxH in O. carboxidovorans are reportedly involved in some sort of regulation of chemolitoautotrophic utilization of CO by this organism [25] . It is perhaps not a coincidence that all the bacteria that encode a MHYT domain (Table 1 ) are either obligate aerobes or facultative anaerobes.
In B. subtilis, transcriptional pro¢ling experiments designed to study the general stress response [33] showed that the MHYT-encoding ykoW gene is expressed during logarithmic growth in rich medium. However, our analysis of a ykoW null mutant found that this gene is not essential for growth under standard laboratory conditions, or for any of the more obvious anaerobic responses that would directly or indirectly require oxygen sensing. Along these same lines, one might note that the MHYT domain is apparently not encoded within the B. cereus or B. anthracis genomes, further arguing against an essential role for YkoW in a fundamental process that requires oxygen sensing. We therefore propose that MHYT might contribute to NO or CO sensing, as suggested by its potential to bind binuclear copper centers [30] . Further research of the possible function of this domain should include a direct testing of its metal content and its binding properties with respect to oxygen, NO, and particularly CO.
